The discovery of bacterium-bivalve symbioses capable of utilizing methane as a carbon and energy source indicates that the endosymbionts of hydrothermal vent and cold seep bivalves are not restricted to sulfuroxidizing chemoautotrophic bacteria but also include methanotrophic bacteria. The phylogenetic origin of methanotrophic endosymbionts and their relationship to known symbiotic and free-living bacteria, however, have remained unexplored. In situ localization and phylogenetic analysis of a symbiont 16S rRNA gene cloned from the gills of a recently described deep-sea mussel species demonstrate that this symbiont represents a new taxon which is closely related to free-living, cultivable Type I methanotrophic bacteria. This symbiont is distinct from known chemoautotrophic symbionts. Thus, despite compelling similarities between the symbioses, chemoautotrophic and methanotrophic symbionts of marine bivalves have independent phylogenetic origins.
The recent discovery of symbioses between methanotrophic bacteria and marine bivalves has demonstrated that bacteriuminvertebrate associations of the types that are known to occur in the unique fauna of deep-sea hydrothermal vents and cold seeps are more diverse and more evolutionarily complex than had previously been thought (6) . Such symbioses have been observed in a diverse variety of marine invertebrates, including bivalve and gastropod mollusks, vestimentiferans, pogonophorans, annelids, and nematodes. However, until recently, the symbionts known to be associated with these animals have been restricted to a relatively closely related group of sulfuroxidizing chemoautotrophs which fall within the gamma subdivision of the class Proteobacteria (10) (11) (12) (13) . Although the methanotrophic symbionts have been shown to be physiologically distinct from previously known symbionts of vent and seep organisms, their phylogenetic relationships to known symbionts and free-living bacteria have remained unexplored.
Among bivalves, the newly discovered methanotrophic symbioses bear a striking resemblance to the previously described sulfur-oxidizing chemoautotrophic associations. In both cases, the symbionts perform similar roles in symbiosis by providing the hosts with a substantial fraction of their nutritional carbon and energy needs by utilizing sources otherwise unavailable to metazoans. The hosts, in turn, facilitate the symbionts' simultaneous access to necessary substrates, notably 02 and H2S or CH4, from oxic and anoxic environments, respectively (7). The two types of symbioses also share similarities in habitat, in ultrastructural organization of the symbiont-bearing tissues, and in the symbionts' resistance to growth in pure culture (6, 14, 16) . The broad similarities between these symbioses could be the result of common descent, with hosts and symbionts having diverged from a single ancestral symbiosis. Alternatively, methanotrophic and chemoautotrophic symbioses may have arisen independently, drawing their symbionts from phylogenetically distinct groups. The latter alternative would indicate that similarities observed between the symbioses are the result of evolutionary convergence or displacement of a previously existing symbiont population. * Corresponding author.
Free-living methanotrophs have been classified into three categories based on biochemical pathways and ultrastructure (2, 20 (19, 20, 32) . Similar structures, however, are also observed in other unrelated bacterial groups, including Nitrosococcus species (25) . RuBisCO activity reported in the gill tissue of these mussels (17) PCR amplification, cloning, and sequencing. Nucleic acids from symbiont-containing gill and symbiont-free foot tissues (negative controls) were prepared as described elsewhere (10) . Universal eubacterial primers 1492r and 27f (26) were used to amplify bacterial 16S rRNA genes contained in the nucleic acids extracted from the bivalve tissues. The PCR products from two specimens were sequenced directly (23) with sequencing primers previously described (26) and Sequenase V.2 t7 polymerase (U.S. Biochemical Corp.). PCR products were also cloned from one of the specimens used for direct sequencing and from a third specimen by using the TA Cloning kit (Invitrogen). A total of 24 clones were screened by restriction analysis with the frequent cutter AluI. Three clones were fully sequenced and five clones were partially sequenced (-600 bp each).
Symbiont-specific probes. In order to confirm that the dominant gene sequence amplified from the gill of the Louisiana mytilid originated from the symbiont rather than from a superficially associated bacterium or chance contaminant, two specific oligonucleotide probes (LA-1 and LA-2) complementary to highly variable regions of the RNA-like strand of the amplified and cloned sequence were designed. Symbiontspecific probe target regions in the 16S rRNA gene encoded by the dominant clone were selected by computer search of sequences published in GenBank by using BLAST (1) and of those published in the rRNA Database Project small-subunit rRNA data base by using CHECKPROBE search algorithms (29 In situ hybridizations. For in situ hybridizations, mytilid gills were dissected, preserved, embedded in paraffin, sectioned, and deparaffinized as described elsewhere (9 Two oligonucleotide probes (LA-1 and LA-2), complementary to highly variable regions of the RNA-like strand of the putative symbiont 16S rRNA sequence, were synthesized and tested in situ on tissue sections from the gills of the Louisiana mussels. These probes, which contain at least four mismatches to all published small-subunit rRNA sequences, are expected to hybridize specifically with targets containing the putative symbiont sequence. Epifluorescence (data not shown) and confocal microscopy ( Fig. lb and 2b ) demonstrate that the symbiont-specific probes bind to the apical region of the bacteriocytes in the gills of the Louisiana mytilid. Transmission electron micrographs (Fig. 2a) show that most of the bacteriocyte volume in the apical region is composed of symbiont cells while the bacteriocyte's cytoplasm is largely confined to the basal region. Identical hybridization patterns are observed for the symbiont-specific probes and a eubacterial universal probe (22) (Fig. la) applied as a positive control. A second symbiontspecific probe (LA-2) gave results identical to those given by LA-1 (data not shown). A negative-control probe (LA-O) which differed at three nucleotide positions from probe LA-2 did not bind to gill sections (Fig. lc) , while a eukaryotic universal probe (18) bound to symbiont-free ciliated cells at the distal end of the gill filament and to the basal region of the bacteriocytes (Fig. ld) . High-magnification confocal images demonstrate that the symbiont-specific probe binding is localized to structures within the gills which are identical in size, shape, location, and distribution to the symbionts as observed by electron microscopy (Fig. 2) .
Phylogenetic analysis based on 16S rRNA sequences, using an evolutionary-distance method, indicates that the symbiont of the Louisiana mussel represents a new taxon closely related, but not identical, to known free-living and cultivable Type I methanotrophic bacteria (Fig. 3) . A similar result was observed by using maximum-parsimony methods. Six shortest trees of 1,793 steps were found, each tree identical to the distance tree shown here with respect to the branching order of Type I methanotrophs and placement of the Louisiana mytilid symbiont. Bootstrap analyses using both evolutionary-distance and maximum-parsimony methods strongly support (97 of 100 and 93 of 100 trees, respectively) the placement of the Louisiana mytilid symbiont within a monophyletic group entirely com- . Symbionts are concentrated in the apical region of the cell, closest to the external environment. Gill tissues were prepared for transmission electron microscopy according to a method described previously (17) . (b) Confocal micrograph showing binding of symbiont-specific probe LA-1 to structures (arrows) within the bacteriocyte which are identical to symbiont cells in size, shape, and distribution. n, nucleus of bacteriocyte; bl, blood space. Scale bars = 2 ,um. (Fig. 2a is courtesy posed of methanotrophic bacteria, including all Type I methanotrophs examined to date (Fig. 3) . Type X methanotrophs are also included in this group with a high level of confidence by distance analysis (94 of 100 trees) (Fig. 3) . Analyses including unpublished sequences from additional Type I and Type X methanotrophs (2a) and additional methanotrophic and chemoautotrophic symbionts (unpublished data) do not significantly alter tree topologies or bootstrap values.
DISCUSSION
As is the case for all chemoautotrophic symbionts examined to date by molecular phylogenetic methods (10) (11) (12) (13) , the symbiont populations within the gills of the Louisiana mytilid appear to be composed predominantly, if not exclusively, of a single symbiont type. Direct sequencing of PCR products and screening of cloned PCR products from several mussel specimens support this conclusion. Although the predominance of a single 16S rRNA gene sequence in amplification products could be the result of bias in amplification efficiencies, the results of in situ hybridizations suggest that this is not the case. In situ hybridizations ( Fig. I and 2 (17) .
The results of comparative sequence analyses indicate that the symbiont of the Louisiana mytilid arose from a lineage that is distinct from that (or those) which gave rise to the known chemoautotrophic symbionts of bivalves and tubeworms (Fig.  3) . This clearly distinguishes the methanotrophic symbiont from all previously examined symbionts of hydrothermal vent and hydrocarbon seep organisms (10, 11, 13 Although its relationship with Type I methanotrophs is strongly supported, the Louisiana mytilid symbiont is a deeply divergent member of this lineage and may differ considerably from cultivable Type I methanotrophs with respect to its metabolic capabilities and physiological characteristics. In this respect, the methanotrophic symbiont may provide valuable insights into the physiological diversity of Type I methanotrophs. RuBisCO activity in the gill tissue of the Louisiana mussel has been reported (17) . This could indicate either the presence of a RuBisCO gene in the mytilid symbiont, as is observed in Type X methanotrophs, or the presence of a second bacterial species in or on the mytilid gills. In light of the data presented here, confirmation of the former possibility would suggest that the presence of RuBisCO genes is the ancestral condition among gamma methanotrophs but that these genes have been lost in modern free-living Type I methanotrophs.
The affiliation of the uncultivable symbiont of the Louisiana mytilid with free-living and cultivable methanotrophs parallels the relationship of the uncultivable luminous symbionts of flashlight fish and anglerfish with cultivable luminescent vibrios and photobacteria (21) . It has been proposed that the physiological characteristics which make the fish symbionts difficult to grow in pure culture may be evolutionary adaptations to an obligate symbiotic existence. A similar argument can be made for the mytilid symbiont. Alternatively, the mytilid symbionts may be capable of free-living existence but may enter a reproductively incompetent developmental stage upon infection of the host, as has been suggested for Rhizobium root nodule symbionts of leguminous plants (33) . Examination of free-living bacteria from the host environment by using symbiont-specific oligonucleotide probes will help to evaluate these alternatives and will provide important insights regarding the ontogeny and evolution of eukaryote-prokaryote symbioses.
